Abstract
Methods
We investigated the plant biomass, percentage of red leaves and pigment content (chlorophyll a, chlorophyll b and betacyanins) in S. salsa in intertidal and supratidal zones of the upper, middle and lower reaches of the Liaohe estuary wetlands. the Na + content of both the soil and plant was also measured. Full analysis of variance and multivariate analysis were used to compare differences in pigment content and Na + content between the supratidal and intertidal zones.
Important Findings
Pigment composition was significantly affected by soil salinity. With increasing soil salinity, the percentage of red leaves was higher in the intertidal zone than in the supratidal zone. In all three reaches, plants had lower chlorophyll a content and higher betacyanin content in the intertidal zone than in the supratidal zone. Compared to chlorophyll a, chlorophyll b was less sensitive to soil salinity. there were no differences in chlorophyll b content between the intertidal and supratidal zones in the upper and lower reaches. Furthermore, pigment composition was associated with both the plant tissue and soil Na + content. Compared to the supratidal zone, the intertidal zone had a higher Na + content in plants. there was a negative relationship between plant chlorophyll content and soil Na + content, but a positive relationship between betacyanin content and soil Na + content. Overall, the results indicated that there might be a trade-off between leaf chlorophyll and betacyanin content in S. salsa to maintain its growth and survival in high salinity environments. 
INtRODUCtION
Plant color is an important functional trait and is determined by the composition of pigments, such as chlorophyll, carotenoids, anthocyanins and betalains, in the plant (Akcin and Yalcin 2016; Sakuta 2014; Zhao et al. 2010) . Red colors are produced by intermolecular co-pigmentation of anthocyanins and betacyanins; blues are produced by anthocyanins and other flavones (Harborne and Williams 2000; Sakuta 2014 ). These pigments are stored in the vacuole and serve different functions for plant growth and survival (Hanachi et al. 2014; Sanachi et al. 2014) . Chlorophyll and carotenoids are the plants' main photosynthetic machinery that can absorb light energy and synthesize carbohydrates (Akcin and Yalcin, 2016; Hanachi et al. 2014) . Anthocyanins and betacyanins are closely related to secondary metabolites that show morphological and cell differentiation under abiotic stress (Jain and Gould 2015; Sanachi et al. 2014) . The composition of these pigments is mainly determined by the plant's genes, but can also be affected by the climate, water quantity and other external factors (Anand and Buju 2008; Akcin and Yalcin 2016; Jain and Gould 2015; Zhao et al. 2010; Zhang et al. 2012) . Soil salinity can have a considerable adverse effect on plant growth (Akcin and Yalcin 2016; Sanachi et al. 2014; Zhang et al. 2012) . Previous studies have established that salt stress can affect numerous physiological and biochemical processes at the cellular and whole plant levels (Aghaleh et al. 2009; Akcin and Yalcin 2016; Kao et al. 2003) . For example, high salinity can restrict the synthesis of photosynthetic pigments (e.g. chlorophyll and carotenoids), which can lead to decreased plant growth (Flexas et al. 2007; Munns and Tester 2008; Hanachi et al. 2014) . On the other hand, halophytes have the capacity to adapt to salt stress through osmotic regulation (Flowers and Colmer 2008; Zhao et al. 2010; Akcin and Yalcin 2016) . For example, caryophyllales usually have high levels of betacyanins to prevent salt ion toxicity Zhao et al. 2010) . In general, there appears to be a trade-off between photosynthetic pigments and osmotic pigments in order to maintain the growth and survival of plants experiencing salt stress (Akcin and Yalcin 2016) . However, few studies have investigated this potential trade-off in plant pigments.
Suaeda salsa is one of the dominant halophytes in the Liaohe estuary wetland, a Ramsar site in northeast China. Due to tidal fluctuations, this species is mostly distributed in the intertidal zone and only rarely in the supratidal zone (Li et al. 2015) . Interestingly, it has more red leaves in intertidal zones compared to that in supratidal zones at the same time. Previous studies have shown that the red leaves in S. salsa are caused by betacyanin pigments (Wang and Liu 2007; Zhao et al. 2010) . Compared to the supratidal zone, the intertidal zone usually has higher soil salinity due to the tidal fluctuations (Li et al. 2015) . The objective of this study was to investigate the effect of soil salinity on S. salsa pigment composition. For this purpose, we conducted a field investigation to compare the variations in leaf pigments (chlorophyll a, chlorophyll b and betacyanins) in two habitats (supratidal zone and intertidal zone) in the upper, middle and lower reaches of the Liaohe estuary wetland. We hypothesized that high soil salinity would result in a lower chlorophyll content and higher betacyanin content in the intertidal zone than in the supratidal zone.
MAtERIALS AND MEtHODS

Study site
This study was conducted in a low marsh in the Liaohe estuary wetland (40°45′-41°10′N, 121°30′-122°0′E, Fig. 1 ), a typical coastal wetland in the Liaoning Province in northeast China (Ji et al. 2009 ). This 4000-km 2 wetland is located south of the Loaohe Plain and north of the Bohai Sea. It has a temperate monsoon climate, with a mean annual temperature of 8.3°C (from −10.4°C in January to 27.4°C in July), mean annual precipitation of 611.6 mm, evaporation of 1699 mm, photosynthetic active radiation of 1154.6 µmol m ), and a frost-free period of 175 days per year (Zhang et al. 2011; Mao et al. 2014) . The tidal range and water salinity of the Liaohe River Estuary was decreased as the elevation increased, and the average values are 2.7 m and 16.9 mg l −1 , respectively, according to the tide gauge station at the Yinkou Observatory (Ye et al. 2015) . Soils in the Liaohe estuary wetland are classified as coastal solonchaks (Chinese Soil Classification). Bare beach, meadow, rice paddies, maize fields and woods form a sequential arrangement along the elevation gradient. S. salsa and Phragmites australis are the two dominant plant species in the meadow.
Field sampling
Due to the tidal fluctuation, salinity in soil and water changed along the Liaohe estuary (Li et al. 2015) . In August 2015, vegetated areas in the upper reach (UR; 40°55′29.3″N, 121°46′57.9″E), middle reach (MR; 40°52′51.48″N, 121°45′45.9″), and lower reach (LR; 40°50′13.8″N, 121°33′57.2″) of the Liaohe Estuary were chosen (Fig. 1) . In each of the three vegetated areas, three plots were chosen as blocks along the levee in both the supratidal zone (SZ: having no tidal submergence) and the intertidal zone (IZ: having daily tidal submergence). In each plot, five sub-plots (1 × 1 m) were chosen (parallel to the levee) as replications for plant and soil sampling. Whole plants in each sub-plot were harvested and the fresh weight (FW) was immediately measured. Plant samples from the same plot were pooled, sealed in a portable refrigerator, and transferred to the laboratory for analysis (Na + , chlorophyll a, chlorophyll b and betacyanins). In each sub-plot, soil samples were removed from a 0-30 cm depth using a soil corer, pooled with other samples from the same plot, and transported in a plastic bag to the laboratory for analysis of Na + content. 
Soil and plant Na + content
Soil samples were air-dried and sieved through a 1-mm screen. Plant samples were washed and oven-dried for 48 h, disrupted for 10 min with four stainless steel balls until pulverized, and then digested with a mixed solution (V HNO3 :V HCLO4 = 2:1). The Na + content of both the soil and plant samples was measured using inductively coupled plasma spectrometry (ICPE-9000, Shimadzu, Japan; Fernández-García et al. 2014; Li et al. 2016) .
Biomass and percentage of red leaves
Fresh plant samples were oven-dried at 80°C for more than 72 h, until a constant weight was achieved, after which their dry weight (DW) was recorded. Plant biomass (g m −2 DW) was calculated based on the ratio of DW to FW. For each plot, ~100 intact plants were randomly selected and the number of red and green leaves were recorded, in order to determine the percentage of red leaves (relative to the total number of leaves).
Betacyanin and chlorophyll content
The chlorophyll content of the leaves was measured according to a modified Mahajan method (Mahajan and Pal 2016) . Fresh leaves were weighed and extracted with a mixed solution (V acetone :V absolute alcohol :V distilled water = 4.5:4.5:1). After recording the absorbance at 645 and 663 nm with an ultraviolet visible spectrophotometer (SPECORD 50, Analytik Jena, Germany), the chlorophyll was quantified using the classic equations of Arnon (1949) : and A 663 were the absorbance values at 645 and 663 nm, respectively. Betacyanins were extracted and purified according to a modified Stintzing method (Stintzing et al. 2002) . Fresh leaves were weighed and ground to fine powder using a mortar and pestle, and then extracted with 20 ml MeOH at 4°C for 30 min. After centrifugation at 10,000 rpm for 10 min at 4°C, the supernatant was discarded and the pellet was re-extracted with distilled water. The extraction solutions were measured at A 538 using an ultraviolet visible spectrophotometer (SPECORD 50, Analytik Jena, Germany). The content of betacyanins was determined using their molar extraction coefficient of 5.66 × 10 4 .
Statistical analysis
Full analysis of variance with Tukey's test was used to compare differences in plant biomass, percentage of red leaves and pigment content (chlorophyll a, chlorophyll b and betacyanins) among the supratidal and intertidal zones of the upper, middle and lower reaches. Multivariate analysis was used to test the differences in Na + content (plants and soils)
between the supratidal and intertidal zones. The relationships between pigment content, plant Na + content and soil Na + content were determined using through boxplots. All statistical analyses were performed using SPSS V17.0 (SPSS Inc., USA), and differences were considered significant at P < 0.05.
RESULtS
Soil and plant Na + content
Soil and plant Na + content ranged from 1.34 ± 0.07 mg g , respectively (Table 1) . Significantly higher Na + content (soil and plant) was noted for the intertidal zone than for the supratidal zone (P < 0.01).
Plant biomass
Plant biomass was significantly higher in the supratidal zone than in the intertidal zone, except in the middle reach (Fig. 2) . For example, in the upper reach, plant biomass was approximately 40% higher in the supratidal zone than in the intertidal zone. For the supratidal zone, plants had a higher biomass in the upper reach, compared to both the middle and lower reaches, which were not significantly different from each other. In contrast, for the intertidal zone, plant biomass showed a gradual decrease from the upper reach, followed by the middle reach, and then the lower reach.
Leaf pigment composition
A significantly higher percentage of red leaves, as well as betacyanin content, were noted for the intertidal zone, compared to the supratidal zone ( Fig. 3A and B) . For example, in the low reach, the percentage of red leaves and betacyanin content was 2.0 and 1.9 times higher in the intertidal zone than in the supratidal zone, respectively. For the supratidal zone, betacyanin content was higher in the lower reach than in the middle reach, but there were no differences between the upper reach and any of the other reaches. For the intertidal zone, plants had a higher betacyanin content in the lower reach than in both the upper and middle reaches.
Plants had higher chlorophyll a content in the supratidal zone than in the intertidal zone (Fig. 3C ). In the middle reach, chlorophyll a was 4.65 times higher in the supratidal zone than in the intertidal zone. Plants had slightly higher chlorophyll a content in the middle reach than in the upper reach (supratidal zone only) and lower reach (intertidal zone only). In contrast, there were no significant differences in chlorophyll b content among the intertidal and supratidal zones of the lower and upper reaches (Fig. 3D) . In addition, within both the supratidal and intertidal zones, there were no significant differences among the three reaches for chlorophyll b (P > 0.05).
Relationships between pigment and Na + content
Betacyanin content was negatively correlated with chlorophyll a and chlorophyll b (Fig. 4) . Soil Na + content was positively related to plant Na + content (Fig. 5A ) and betacyanin content ( Fig. 5B ), but negatively related to chlorophyll a ( Fig. 5C ) and chlorophyll b (Fig. 5D ).
DISCUSSION
As hypothesized, the halophyte S. salsa had lower chlorophyll a content, but higher betacyanin content in the intertidal zone than in the supratidal zone, indicating that soil salinity can affect pigment composition in S. salsa. Low chlorophyll a accumulation in plants under salt stress has been extensively reported for forest, farmland and wetland habitats (Naidoo et al. Sanachi et al. 2014; Zhang et al. 2012) . For example, Akcin and Yalcin (2016) noted a decrease in chlorophyll a in both Salicornia prostrata and Suaeda prostrata when salinity increased. We found no differences in chlorophyll b content between the supratidal and intertidal zones in this study, indicating that this pigment is less sensitive to soil salinity than chlorophyll a. These results were inconsistent with our hypothesis. However, Yin et al. (2013) also reported no obvious differences in chlorophyll b content in S. salsa among high salt stress and control treatments. Likewise, a study of Youssef and Awad (2008) found that salt stress did not increase chlorophyll b content of Phoenix dactylifera seedlings. For plants in saline environments, changes in pigment composition are mainly attributed to the effects of salt ions (Ali et al. 2004; Sudhir and Murthy 2004) . With increasing soil salinity, salt ions accumulate in plant tissues (Melgar et al. 2008; Naidoo et al. 2002; Youssef and Awad 2008) . High salt ion content in plants not only inhibits the biosynthesis of chlorophyll fractions, but also increases the activity of chlorophyll enzymes and the instability of pigments (Ali et al. 2004; Beinsan et al. 2009 ). Additionally, other environmental factors in wetlands, such as light and flooding also had obvious effects on the pigment composition (Hazrati et al. 2016; Zhao et al. 2010) .Taking light quality as an example, Fan et al. (2013) reported that the concentration of photosynthetic pigments and chlorophyll biosynthesis were higher in red plus blue light than in pure blue light. Under flooding condition, plant usually had low synthesis and fast degradation of chlorophyll pigment (Ashraf 2003) . Results even showed that the decrease in concentrations of photosynthetic pigments was a long-term response to flooding (Jing et al. 2009; Bertoled et al. 2015; Hazrati et al. 2016) . Compared to chlorophyll b, chlorophyll a was more susceptible to degradation by flooding as was observed in this study (Junior et al. 2015) . In contrast, betacyanin synthesis is associated with increased plant tolerance to environmental stress (Wang and Liu 2007) . Jain and Gould (2015) reported that betalain accumulation could increase the photoprotective capacity and move excess Na + from the cytoplasm to the vacuole under salt stress. In addition, metabolite betacyanins are involved in environmental tolerance, such as water, wave and salt (Wang et al. 2008; Zhao et al. 2010) . Taken together, high soil salinity and tide submergence likely explain why low chlorophyll and high betacyanin content were noted for the intertidal zone in this study (Jing et al. 2009; Wang et al. 2008) .
Chlorophyll and betacyanins clearly differ in their physiological functions in plants. Chlorophyll accumulation may lead to increased photosynthesis, and, in turn, higher growth rates (Munns and Tester 2008) . This may be the reason why a lower biomass was observed in the intertidal zone than in the supratidal zone. However, betacyanin accumulation may result in increased resistance to salt stress, and, in turn, increase plant survival in high salinity environments (Wang and Liu 2007; Wang et al. 2008) . With increasing soil salinity, halophytes tend to synthesize more betacyanins to resist salt stress, at the expense of plant growth (Wang et al. 2008) . Therefore, there appears to be a trade-off between chlorophyll and betacyanins in the maintenance of plant growth and survival in high salinity habitats.
The results of this study indicate that soil salinity has a significant effect on plant pigment composition. There was a lower chlorophyll content and higher betacyanin content in intertidal zone than in the supratidal zone, indicating that green-leafed individuals experienced less salt stress, whereas red-leafed individuals experienced more salt stress. In the past several decades, large area of land was changed from intertidal zone into supratidal zone due to the petroleum exploitation, tourism development and farmland planting (Li et al. 2015) . With decreasing soil salinity and flooding, the plants tended to change towards having relatively more green leaves. The "Red Beach" phenomenon, which is when entire wetlands are covered in red-leafed S. salsa, has been observed to be on the decline (Chen et al. 2011) . We suggest that the reason for this may be a red-togreen-shift in leaf color. Based on our results, "Red Beach" restoration efforts should involve maintaining soil salinity levels using the tidal processes in the Liaohe estuary wetland, such as reestablishing tidal channel and introducing tide into farmland.
